In the rodent olfactory bulb the smooth dendrites of the principal glutamatergic mitral cells 16 (MCs) engage in reciprocal dendrodendritic interactions with the large spines of GABAergic 17 granule cells (GC), where unitary release of glutamate gives rise to a postsynaptic local 18 activation of voltage-gated Na + channels (Na v ), i.e. a spine spike. Can single MC inputs thus 93 GABA A R antagonist bicuculline (BCC, 50 µM) blocked spontaneous activity almost 94 completely (frequency: 0.13 ± 0.10 of control, n = 6, P < 0.01, Fig. 1C, Fig. S1A ).
7
HVACCs have been implied to mediate recurrent release from reciprocal spines (Isaacson, 162 2001) and are activated by Na v s, contributing a substantial fraction to the total postsynaptic 163 Ca 2+ signal in the GC spine (Bywalez et al., 2015) . To directly test whether HVACC activation 164 is required for release of GABA, we blocked NPQ type Ca 2+ channels with 1 µM ω-conotoxin 165 MVIIC (CTX; Bloodgood and Sabatini, 2007; Bywalez et al., 2015) . 166 Fig. 3 shows the resulting substantial decrease of urIPSCs to a fraction of 0.08 ± 0.14 of 167 control (from a mean amplitude of 11.3 ± 5.7 pA; n = 8, P < 0.005, Fig. 3D ). This decrease 168 was not different from the effect of TTX on urIPSC amplitude described above (P = 0.35 169 ratios in CTX vs TTX). ∆_area decreased to 0.39 ± 0.23 of control (n = 9, P < 0.005, Fig. 3D ), 170 again not different from the effect of TTX on ∆_area described above (P = 0.15 vs TTX).
171
Spontaneous sIPSC frequency in CTX was decreased to a fraction of 0.53 ± 0.15 of control, 172 less markedly than in TTX ( Fig. 3E , n = 7 cells, control vs CTX: P < 0.01; CTX vs TTX: P < 173 0.005).
174
We conclude that HVACC activation is required for both fast and slow release of GABA from 175 the reciprocal spine following local input.
176
NMDA receptors are also relevant for recurrent release 177 NMDARs are known to substantially contribute to unitary synaptic transmission and to 178 postsynaptic Ca 2+ entry at the MC to GC synapse (Isaacson and Strowbridge, 1998;  179 Schoppa et al., 1998; Isaacson 2001; Egger et al., 2005) . However, because NMDAR-180 mediated Ca 2+ entry into GC spines did not depend on Na v activation in our previous study 181 (in contrast to HVACC-mediated Ca 2+ entry, Bywalez et al., 2015) , and because of the strong 182 blocking effects of TTX or CTX on urIPSCs reported above, we hypothesized that NMDAR 183 blockade would have only mild effects on fast recurrent release upon single inputs.
184
Intriguingly however, Fig. 4 shows that the application of 25 µM D-APV resulted in a 185 substantial decrease of urIPSC amplitudes, to on average 0.22 ± 0.21 of control (from a 186 mean amplitude of 13.8 ± 8.6 pA, n = 10, P < 0.002, Fig. 4D ). All individual experiments 187 showed the amplitude decrease, albeit to a variable degree (range 0.00 -0.68 of control).
188
∆_area following TPU decreased to 0.40 ± 0.28 of control (n = 10, P < 0.003, Fig. 4D ). Both 189 effects were statistically not different from the effects of either TTX or CTX (amplitude: P = 190 0.12 and P = 0.08; ∆_area: P = 0.19 and P = 0.47).
8
APV also substantially reduced spontaneous activity, to a frequency of 0.19 ± 0.08 of control 192 (n = 9, P < 0.01, Fig. 4E ), similar to that in TTX (P = 0.84) and significantly more pronounced 193 than that in CTX (P < 0.001).
194
Since the strength of the effect of NMDAR blockade on urIPSCs was surprising to us, we 195 sought to provide another line of evidence for these findings in an experimental setting that 196 does not involve uncaging of glutamate (which might preferentially activate NMDARs, see 197 Discussion). The afterhyperpolarization (AHP) following single MC APs elicited by somatic 198 current injection was found to mainly reflect recurrent inhibition in brain slices from adult 199 mouse (Nunes and Kuner, 2018) , while in juvenile rat inhibitory synaptic contributions to the 200 AHP were observed to be less substantial but still detectable (on the order of 20-30% relative 201 to the K + channel-mediated component, Dumenieu et al., 2015) . We used this paradigm to 202 test whether NMDAR blockade alone could interfere with recurrent inhibition (Fig. 4F ). Single
203
MC AP AHPs (n = 13 MCs, V hold = -70 mV) had a mean amplitude ∆V m = -9.5 ± 2.1 mV and 204 a mean half duration t 1/2 = 43 ± 25 ms. Fig. 4G shows that APV application significantly 205 reduced the mean AHP amplitude to a fraction of 0.86 ± 0.12 of control (P < 0.001, Wilcoxon 206 test; reduction in 12 of 13 MCs), while the half duration was not changed (fraction of control 207 1.02 ± 0.42, P = 0.65). Next, to block GABA A Rs we turned to gabazine (GBZ, 20 µM), since 208 BCC might affect the K + channels that contribute to slow AHPs (Khawaled et al. 1999 , 209 Dumenieu et al. 2015 . GBZ alone caused a slightly stronger reduction than APV which was 210 not significantly different (to 0.71 ± 0.10 of control, n = 7 MCs, P = 0.08 vs APV, not shown).
211
Occlusion experiments using APV before GBZ or GBZ before APV did result in no further 212 reduction (0.98 ± 0.10 of amplitude in presence of first drug, n = 8 MCs, P = 0.45, Fig. 4F ,G).
213
Thus these experiments further support a substantial role of GC NMDARs for GABA release.
214
From these and the uncaging experiments we conclude that NMDARs located on GCs are 215 strongly involved in reciprocal release, even though prevention of HVACC activation (via Na v 216 block or pharmacology) also blocks reciprocal release. What is the underlying mechanism?
217
The simplest explanation for a fast cooperation would be a summation of NMDAR-and 218 HVACC-mediated Ca 2+ currents at the presynaptic Ca 2+ sensor. For this scenario two 219 requirements need to be satisfied: (1) temporal overlap of Ca 2+ currents and (2) spatial 220 proximity of NMDARs and HVACCs within the same microdomain.
9
Temporal overlap: Simulations of GC spine Ca 2+ currents via HVACCs and NMDARs
222
In conventional glutamatergic synapses the NMDAR-mediated postsynaptic current is rising 223 rather slowly compared to the AMPAR-mediated component (rise time ∼ 10 ms, Lester et al.
224
1990) and therefore the fractional NMDAR Ca 2+ current seems at first an unlikely candidate 225 to make direct contributions to fast release. In the reciprocal GC spines however, Na v 226 channels are locally activated, which enables fast and substantial NMDAR activation. 
231
According to the simulation this fast NMDAR-mediated Ca 2+ spikelet begins even before the 232 HVACC-mediated current and tightly overlaps with it within > 1 ms. Thus HVACC-and 233 NMDAR-mediated Ca 2+ currents could act in a cooperative manner at the Ca 2+ sensor(s) that 234 mediate fast release of GABA, especially so, if the release probability was proportional to the 235 fourth power of local ∆[Ca 2+ ] or more as at other central synapses, and if the channels were 236 close enough to form a microdomain, allowing for an 'overlap bonus' (Stanley 2016, Fig. 5B ).
237
In the temporal domain, this overlap was found to be highly robust against the variation of the 238 combined Na v /K v conductance, and increases in either AMPAR conductance g AMPA or neck 239 resistance R neck resulted in an earlier activation of both HVACC and NMDAR-mediated Ca 2+ 240 currents and even stronger overlap (Fig. 5C, see Methods) . Decreases resulted at first in 241 little change and then a loss of the spine spike whereupon there is no more HVACC 242 activation. To illustrate specifically the contribution of the Na v -mediated boosting of the 243 NMDAR-mediated Ca 2+ current, we also calculated the overlap bonus for the HVACC-244 mediated current as above and the NMDAR current in absence of the spine spike, which 245 indeed renders the cooperative effect negligible (Fig. 5B ).
246

Spatial proximity: Ultrastructural evidence for presynaptic localization of NMDARs
247
For fast neurotransmitter release to occur, the current view is that Ca 2+ entry needs to 248 happen in a proximity of 100 nm or less from the Ca 2+ sensing part of the SNARE machinery 249 (reviewed in Kaeser and Regehr, 2014; Stanley 2016) . Therefore, to permit cooperation of 
266
Immunogold labeling for NMDARs was also frequently observed in symmetric contacts, albeit 267 at a lesser density compared to asymmetric contacts ( Fig. 6A ). To establish whether there is 268 an increased likelihood for the presence of NMDARs at symmetric contacts, we compared 269 the densities of labeling in non-synaptic membrane segments of GC spines with those in 270 symmetric synapses, and as a control in asymmetric synapses. GC spines establishing 271 synapses with MC dendrites were selected as described (see Methods) and all discernible 272 membrane segments within a spine were analysed. For GluN1, there were 50 particles along (mean 6.4 particles/µm) and 96 particles along 6.1 µm of 25 asymmetric profiles (mean 15.7 282 particles/µm). Still, the density distribution at symmetric synapses was significantly higher 283 than the distribution at the non-synaptic membrane (P = 0.000048). Interestingly, the labeling 284 densities for GluN1 and also GluN2A/B were similar across non-synaptic membranes and 285 asymmetric synapses (P = 0.99 and P = 0.81, respectively). However, labeling of symmetric 286 synapses was considerably stronger for GluN2A/B versus GluN1 (P = 0.00042). This 287 difference might be due to a distinct receptor configuration and/or a better accessibility of the 288 GluN2 epitopes in the presynaptic symmetric membrane.
289
Finally, we analysed the radial distribution of particles across synaptic profiles for both 290 antibodies to establish whether labeling was predominantly associated with either the GC or 291 the MC membrane ( Fig. 6D ; see Methods). The distribution of both GluN1 and GluN2A/B 292 label at asymmetric synapses was similar, with a main peak just inside the postsynaptic GC 293 membrane and another peak within the synaptic cleft. Only a few gold particles were 294 localized beyond 20 nm on the MC side, suggesting that NMDARs are not expressed at 295 significant levels at the glutamate release sites on the MC membrane. Notably, the 296 distribution of gold particles at symmetric synapses mirrored the one at asymmetric 297 synapses, implying that labeling for NMDARs is predominantly associated with both the 298 presynaptic GABAergic and the postsynaptic glutamatergic membrane of GCs.
299
In summary, we conclude from these findings that NMDARs do play a direct presynaptic role 300 for recurrent release of GABA.
302
Discussion
303
Here we have demonstrated that mimicking unitary synaptic inputs via two-photon uncaging 304 of glutamate onto individual olfactory bulb GC spines can activate the entire microcircuit 305 within the spine, from the local spine spike to the release of GABA onto MC lateral dendrites, 306 proving the mini-neuron-like functionality of the reciprocal microcircuit. As in classical axonal 307 release, sequential Na v channel and HVACC activation triggers output, which occurs on both 308 fast and slow time scales. Strikingly, however, NMDA receptors are also found to play a 309 presynaptic role for GABA release. 
322
Upon local activation we observed a release probability P r from the GC spine on the order of 323 0.33. This P r value might represent an upper limit, because the global reduction of inhibition 324 by DNI could cause a homeostatic upregulation of P r at GABAergic synapses (e.g. Rannals
325
and Kapur, 2011). Moreover there is a general bias for detection of connections with larger P r 326 due to high levels of spontaneous activity and the limited recording time. However, since our 327 experiments were conducted at room temperature, physiological temperatures might 328 counterbalance such effects.
329
With P r_GABA ≈ 0.3 and the probability for MC glutamate release on the order of P r_Glu ≈ 0.5 - future network models of bulbar interactions. The rather low P r_GABA observed here also 333 implies that GC spines might be enabled to release with higher probabilities by coincident 334 global GC signalling (Ca 2+ spike or global AP), due to increased ∆Ca 2+ in the spine (Egger et   335 al., 2005; Egger, 2008; Aghvami et al., 2019) .
336
As to the minimal latency for GABA release, the temporal resolution of our experiments is 337 limited by the duration of the uncaging pulse (1 ms) and by not knowing the membrane 338 potential time course V m (t) in the GC spine. Fig. 1E shows that the fastest urIPSCs were 339 detected within 2 ms from TPU onset, implying that there is a fast mechanism coupling Ca 2+ 340 entry to release. Earlier, tight coupling between Ca 2+ entry and GABA release has been 341 demonstrated at this synapse using EGTA (Isaacson, 2001) , and a crucial role for Na v 342 channels has been suggested (Bywalez et al., 2015; Nunes and Kuner, 2018) , both 343 confirmed by our present results.
344
While ~ 30% of urIPSCs occurred within 10 ms post TPU onset, there was also a substantial 345 fraction with longer latencies in the range of 10 -30 ms and some even larger delays. 
364
As a note of caution, activation of single GC spines via TPU might involve spurious activation 365 of extrasynaptic NMDARs, since at the large GC spines the TPU volume does not 366 necessarily precisely match the location of the glutamatergic postsynapse. We also observed 367 that TPU resulted in a slightly larger NMDA-receptor mediated component of the simluations also indicate that this extra contribution is not substantial in terms of added ∆F/F 381 under our experimental conditions and therefore could not be detected ( Fig. 5D ).
382
In line with the fast NMDAR-mediated Ca 2+ spikelet, Kampa et al. (2004) have shown that the 383 earlier the postsynaptic membrane is depolarized after glutamate release, the more 384 efficiently NMDARs will be activated. These observations are of general importance in the 385 context of spike-timing dependent plasticity and electrical compartmentalization of spines 386 (e.g. Grunditz and Oertner, 2004, Tonnesen and Nägerl, 2016) . was reported by two groups that recurrent inhibition in response to shorter steps (< 5 ms) is 416 substantially smaller than for the long step and reduced in TTX (Schoppa et al., 1998;  417 Halabisky et al., 2000) . In view of our finding of the spine spike and its ability to trigger 418 release these observations can be explained such that the standard DDI protocol can recruit 419 NMDAR-dependent pathways for triggering GABA release via prolonged release of 420 glutamate and the subsequent summation of EPSPs in GC spines, whereas short stimulation 16 is more likely to trigger release via the GC spine spike. Thus the cooperation of NMDARs 422 and HVACCs reconciles the conflicting earlier findings.
423
Ultimately, what is the advantage of this cooperative release mechanism for recurrent 424 processing? At this point, we can merely guess that perhaps the involvement of presynaptic 425 NMDARs allows the mini-neuron to incorporate extra modulatory mechanisms that it is 426 otherwise deprived of, since its compact arrangement prevents any modulatory interference 427 known to occur in conventional neurons during the classical steps of integration from the 428 synapse via the dendrite to the axon hillock. 
445
The substantial effect of NMDAR blockade on spontaneous IPSCs was also observed in 446 other olfactory bulb studies (Wellis and Kauer, 1993; Schmidt and Strowbridge, 2014) . Part along with its cooperative release mechanism to bulbar processing, including voltage-470 sensitive dye imaging and novel genetic loss-of-function approaches for dissecting local 471 recurrent release from lateral inhibition -perhaps by targeting specifically presynaptic 472 NMDARs. In any case, our data show that fast recurrent inhibition can be triggered by single 473 mitral cell inputs, which may explain the purpose of the granule cell spine spike. We predict 474 that these mechanisms are likely to be of crucial importance for fast bulbar processing. 
690
Area analysis The area was measured in individual traces as the integrated activity above 691 baseline for a 500 ms pre-uncaging baseline window and for a 500 ms post-uncaging 692 window, in order to screen for the presence of a signal (Fig. 1D ). The 500 ms extent of the 693 time windows was validated by our measurements of averaged barrage duration (see were normalized to control ∆_area in order to assess the net effect of drugs on uncaging-704 evoked inhibitory activity (Fig. 2D, 3D, 4D ).
705
Event analysis Within the individual recorded traces, the peak time points of individual IPSCs 706 were analysed. Peak search parameters in MiniAnalysis were adjusted in order to detect 707 potentially all IPSCs within a trace. For detailed spontaneous IPSC amplitude analysis,
708
IPSCs were sorted manually after the automated peak search and discarded if the amplitude 709 exceeded less than 5 pA and/or the IPSC onset was not be detected properly. Event counts 710 were averaged for the 500 ms pre-uncaging and the 500 ms post-uncaging windows, 711 respectively.
712
Evaluation of effects of pharmacological agents For determining drug effects, the averaged 713 urIPSC amplitudes were scaled down by the ratio of number of responses to total number of 714 trials, both in control and drug condition, in order to account also for changes in release 715 probability. If no single responses/urIPSCs could be detected anymore in the presence of 716 TTX, CTX or APV according to the criteria described above, we measured the mean 717 amplitude of V m above baseline in the averaged response at the time point of the maximal 718 response amplitude in control condition. If this value was below 0, the response size was set 719 to 0 pA. If the value was larger than 0, we interpreted it as average drug response amplitude 720 including failures and thus did not scale it. This conservative method prevents false 721 negatives due to lacking sensitivity in individual trials in the presence of the drug.
722
Detection of spontaneous activity Spontaneous IPSCs were recorded prior to wash-in of DNI, 723 in the presence of DNI and in the presence of each pharmacological compound. For each 724 condition, data were analysed for a total duration of 20 s of recordings.
725
Analysis of afterhyperpolarizations All stable MC AP recordings within either baseline or drug 726 condition were averaged (n = 5 each). If between the two conditions the holding membrane 727 potential changed by more than 0.3 mV, or the time course (onset of upstroke relative to 728 onset of step depolarization, width) and/or the amplitude of the AP changed by more than 729 15% from their baseline values, the experiment was discarded. If single individual recordings 730 showed such variations, they were not included in the average. For each average, the AHP 731 amplitude was measured as the maximal negative deflection of the membrane potential from 732 the resting membrane potential. 
738
For the simulations shown in Fig. 5, there 
742
As a readout measure for the temporal overlap between I Ca_NMDAR and I Ca_HVACC we first 
759
To maximize detection of the GluN1 subunit, we used a combination of two rabbit antisera as 760 described in Sassoè-Pognetto et al. (2003) . One antiserum (kindly donated by Anne
761
Stephenson) binds an extracellular domain (amino acid residues 17-35) common to all splice 762 variants of the GluN1 subunit (Chazot et al., 1995; Racca et al., 2000) . The other antiserum 763 32 was raised against a C-terminal domain and recognizes four splice variants (Chemicon, 764 Temecula, CA; catalog No. AB1516).
765
For GluN2, we used a affinity-purified rabbit antibody raised against a synthetic peptide 766 corresponding to the C-terminus of the GluN2A subunit conjugated to BSA (Chemicon, cat. 767 no. AB1548). According to the manufacturer, this antibody recognizes the GluN2A and 768 GluN2B subunits in Western blot analysis of transfected cells.
769
Ultrastructure data analysis and statistics 770 Grid squares were analysed systematically for the presence of synaptic profiles (symmetric 771 and/or asymmetric) between GC spines and MC dendrites ( Fig. 6 ; see also Fig. 1A in 772 Sassoè-Pognetto and Ottersen, 2000) . Synaptic profiles were then photographed at high 773 magnification (75.000 -120.000x) with a side-mounted CCD camera (Mega View III,
774
Olympus Soft Imaging System). The plasma membrane of GC spines, when clearly visible, 775 was classified as either belonging to an asymmetric synaptic profile, a symmetric profile, or a 776 non-synaptic segment (see Fig. 6A2 for examples). The length of segments was measured 777 along the spine membrane curvature (using ImageJ 1.52 analysis software) and the number 778 of immunogold particles within a distance of ≤ 30 nm from the GC spine membrane was 779 counted for the individual segments. The lengths of non-synaptic segments were on average 780 longer than those of synaptic segments, which argues against an undersampling of gold 781 particle densities in non-synaptic membranes compared to synaptic membranes and thus a 782 false positive difference between the density distribution in non-synaptic membranes and 783 symmetric profiles (GluN1: mean non-synaptic segment length: 610 ± 400 nm, n = 138, 784 symmetric synaptic profiles: 270 ± 120 nm, n = 120, asymmetric synaptic profiles: 260 ± 110 785 nm, n = 111; similar results for GluN2, not shown). When both symmetric and asymmetric 786 synaptic profiles were visible in the same individual spine, the distance of such reciprocal 787 contacts was also measured along the curvature of the GC spine membrane.
788
The distribution of labeling along the axis perpendicular to the GC spine membrane (radial 
